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China’s COMPASS satellite navigation system consists of five or more geostationary (GEO) satellites. The roles of GEO satel-
lites are to improve the regional user’s positioning accuracy and provide the continuous Radio Determination Satellite Service. 
The motion of GEO satellites relative to a ground tracking station is almost fixed, and regular orbit maneuvers are necessary to 
maintain the satellites’ allocated positions above the equator. These features present difficulties in precise orbit determination 
(POD). C-band ranging via onboard transponders and the L-band pseudo-ranging technique have been used in the COMPASS 
system. This paper introduces VLBI tracking, which has been successfully employed in the Chinese lunar exploration programs 
Chang’E-1 and Chang’E-2, to the POD of GEO satellites. In contrast to ranging, which measures distances between a GEO satel-
lite and an observer, VLBI is an angular measurement technique that constrains the satellite’s position errors perpendicular to the 
satellite-to-observer direction. As a demonstration, the Chinese VLBI Network organized a tracking and orbit-determination ex-
periment for a GEO navigation satellite lasting 24 h. This paper uses the VLBI delay and delay-rate data, in combination with 
C-band ranging data, to determine the GEO satellite’s orbit. The accuracies of the VLBI delay and delay rate data are about 3.6 ns 
and 0.4 ps/s, respectively. Data analysis shows that the VLBI data are able to calibrate systematic errors of the C-band ranging 
data, and the combination of the two observations improves orbit prediction accuracy with short-arc data, which is important for 
orbital recovery after maneuvers of GEO satellites. With the implementation of VLBI2010, it is possible for VLBI to be applied in 
the COMPASS satellite navigation system. 
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The Global Positioning System (GPS) constellation consists 
of more than 24 Medium Earth Orbit (MEO) satellites on 
six orbital planes [1], and China’s COMPASS satellite nav-
igation system will deploy a constellation consisting of 
three Geostationary Earth Orbit (GEO) satellites, three In-
clined Geostationary Earth Orbit (IGSO) satellites and 24 
MEO satellites [2] within 2 years. The roles of GEO satel-
lites are to improve the regional user’s positioning accuracy, 
and provide the continuous Radio Determination Satellite 
Service (RDSS). Compared with orbits of MEO and IGSO 
satellites, the orbits of GEO satellites are more difficult to 
determine because (1) the observation geometry is rather 
poor owing to the limitation regional distribution of the 
tracking network, (2) the relative motion of GEO satellites 
to a ground station is almost fixed, which results in biases in 
ranging data that cannot be effectively estimated owing to 
the weakness of dynamic equations for GEO satellites in a 
rotational Earth reference system, and (3) regular orbit ma-
neuvers are necessary for GEO satellites to maintain their 
allocated positions above the equator, thus preventing the 
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application of long-arc orbit-determination strategies. These 
features present difficulties in precise orbit determination 
(POD) [3–6]. 
Unified S-band (USB) ranging and the Doppler tech-
nique are usually used for GEO satellite tracking and con-
trol, with the accuracy of USB ranging data being several 
meters and the accuracy of Doppler data being several cen-
timeters per second, leading to orbit determination accuracy 
of a few hundred meters [7,8]. More accurate measurement 
techniques are needed for satellite navigation systems such 
as COMPASS, most of which are high-precision ranging 
measurement techniques such as pseudo-ranging and carrier- 
phase positioning, two-way ranging via onboard transpond-
ers and satellite laser ranging (SLR). In the case of GEO 
satellites, satellite and station clock errors in pseudo-range 
data may not be effectively estimated; therefore, time syn-
chronization is needed to support POD. Furthermore, de-
spite the high (millimeter level) precision of carrier-phase 
measurements, phase ambiguities along with clock errors 
must be carefully corrected. Systematic errors in C-band 
ranging data that are uncalibrated transmitting/receiving and 
transponder delays also directly affect the POD accuracy for 
a GEO satellite. SLR is able to achieve high precision and is 
almost free of bias, but it cannot be regularly employed 
since it requires clear weather, and measurement data are 
thus limited. Generally, SLR data are used to evaluate orbit 
accuracy, especially the position accuracy in the radial di-
rection [9]. 
Theoretical studies and simulation tests have been carried 
out to improve POD accuracy for GEO satellites. Recently 
proposed tracking techniques include high-resolution angle 
observations, such as very long baseline interferometry 
(VLBI), connected-element interferometry (CEI) and the 
use of high-precision optical charge-coupled device cameras, 
and GPS-assisted GEO-satellite POD [3,10]. A new ap-
proach referred to as mirror surface projection has been 
proposed [3], in which the orbital plane of the GEO satellite 
is set as a symmetry plane (or a mirror surface), and original 
observation stations are projected as virtual observation 
stations. 
VLBI, first developed in the 1960s, achieves high accu-
racy and high resolution and has multiple purposes, and it 
has already been applied in astrogeodynamics and geodesy 
[11]. VLBI is a useful supplement to usual radio ranging 
and velocity measurement techniques because VLBI has an 
extremely high angular resolution (on the order of sub-  
milliseconds of arc) and strongly constrains orbital errors in 
the transverse direction perpendicular to the line-of-sight, 
while the ranging observations are able to provide con-
straints in and around the line-of-sight direction; a joint or-
bit determination using both types of data is thus expected 
to yield improved results [8]. VLBI eliminates the need for 
uplink transmission and only receives satellite downlink 
signals. Weak downlink signals from very far away may be 
picked up with large antennas, and the VLBI technique is 
thus mainly applied in lunar and deep-space exploration [8, 
12–14]. The Chinese lunar exploration programs Chang’E-1 
and Chang’E-2 combine VLBI and USB techniques for 
lunar capture and mission orbit insertion. The combined 
POD accuracy, especially the short-arc POD accuracy, is 
much better than the accuracy achieved with the USB alone, 
demonstrating VLBI real-time deep-space navigation ap-
plications for the first time [8]. 
To meet the demands of scientific research and social 
and economical developments, the International VLBI Ser-
vice for Astronomy and Geodesy has put forward a bold 
plan to advance the current VLBI technique and systems 
and develop the next generation of the VLBI-VLBI2010 
system [15–17]. The new system will be automated and 
operate unattended and will be based on small (10–12 m in 
diameter), fast-moving, and mechanically reliable antennas 
that can be manufactured economically. Observations 
should be carried out over a broad, continuous frequency 
range, perhaps 1–14 GHz, which includes both the current 
S-band and X-band frequencies for backward compatibility. 
One interesting aspect for the development of the 
VLBI2010 system is the possibility to observe Global Nav-
igation Satellite System (GNSS) signals [18]. VLBI data, 
like SLR data, can also verify orbit accuracy. UT1 nutation 
and the celestial reference frame are currently defined for 
VLBI, and there is no alternative for the foreseeable future 
[19]. VLBI, together with GNSS signals and SLR, must 
continue to provide the scale of the terrestrial reference 
frame. 
The Chinese VLBI Network (CVN) has four radio an-
tennas located at Shanghai (diameter of 25 m), Beijing (50 
m), Kunming (40 m) and Urumqi (25 m), with a correlation 
system operating at the Shanghai Astronomical Observatory 
[12]. The CVN has been active in international VLBI re-
search, and is involved in tracking Chang’E-1 and Chang’E-2 
[8]. Additionally, the CVN participated in the international 
joint observation program of Japan’s SELENE-1 lunar 
probe [12]. The CVN will also undertake the tracking task 
of China’s first Mars exploration project, Yinghuo-1 (YH-1) 
[14]. Another antenna at Shanghai with a diameter of 65 m 
is currently under construction and expected to join the 
CVN before the end of year 2012. 
Du et al. [10] carried out simulations for GEO-satellite 
POD using VLBI data and concluded that the accuracy of 
the GEO orbit can be improved by including VLBI data. 
They also analyzed the applications of CEI data in the orbit 
determination of GEO satellites [20]. To verify the contri-
bution of the VLBI technique to the GEO satellite POD, the 
CVN organized a 24-h tracking experiment for a COM-
PASS GEO navigation satellite, using the downlink S-band 
telemetry signal as the VLBI beacon. VLBI delay and delay 
rate data were collected. In this paper, these VLBI data are 
analyzed, and the orbit is determined using VLBI combin-
ing with C-band ranging data.  
 Huang Y, et al.   Chinese Sci Bull   September (2011) Vol.56 No.26 2767 
1  Principle of VLBI and systematic error cali-
bration 
Observational targets are remote radio sources in VLBI 
applications in astronomy and geodesy while they are artifi-
cial beacons located within limited distances in the VLBI 
observation of artificial celestial bodies [11,21]. 
According to the principle of VLBI, the time delay be-
tween the arrivals of the same wavefront at two antennae 
(the delay ) and the temporal rate of change of the time 
delay (the delay rate  ) are measured via radio signal in-
terference [19]. Since the distances between the antennas 
and the beacon are not equal, the arrival times differ; hence 
the delay. Conventionally, the VLBI technique considers 
group delays and phase delays. The group delay is usually 
obtained with an accuracy of nanoseconds using a formula 
of phase/bandwidth. Beacon bandwidth is usually less than 
10 MHz for a spacecraft. To improve the group delay accu-
racy, multi-frequency signals can be adopted, because the 
frequency range between the signals corresponds to the 
bandwidth. The phase delay is derived by dividing by the 
frequency. The differential phase delay of the S-band sig-
nals was obtained with a very small error of several picose-
conds for SELENE-1, and the accuracy of orbit determina-
tion was improved to several meters [22,23].  
In the case of MEO/GEO or higher-altitude satellites, the 
satellite-station distance is much larger than the baseline 
distance B (Figure 1). According to the principle of the 
VLBI delay and simple geometry, the change in delay (∆) 
due to along-track error in position (∆ε) can be written as 
 ,    B
c L
 (1) 
where c is the speed of light, and similarly, the change in 





   R x
c L
 (2) 
From eqs. (1) and (2), we see that VLBI can give plane- 
of-sky position information more accurately than it can give 
line-of-sight information. For example, a delay error of 1 ns 
corresponds to an orbit error of about 4 m for the GEO sat-
ellite with a baseline of 3000 km. 
At least three VLBI baselines are needed for positioning. 
In orbit determination using a statistical method, however, 
even VLBI measurements for one baseline can be used. Of 
course, several baselines can constrain different directions 
of the satellite’s motion, thus improving the accuracy of 
orbit determination. 
To eliminate systematic errors relating to instruments and 
clocks, the differential VLBI technique is adopted. By al-
ternately tracking an artificial VLBI beacon and a nearby 
extragalactic radio source (i.e. a quasar) of known location, 
common ground and atmospheric propagation error sources 
cancel out and the effects of transmission media, timing, 
polar motion, and station location uncertainties are reduced 
[8,11,13]. The degree of error reduction depends on the 
spacecraft-quasar angular separation. In practice, a quasar 
near the beacon is observed first, and the time delay from 
the quasar to different antennas, which is designated RSO 
and includes geometric delay RS and other error sources, is 
derived: 
 RSO RS RS.      (3) 
The VLBI beacon is then observed, and similarly, the 
 
 
Figure 1  Diagram of how delay error relates to the position errors in radial (a) and transverse (b) directions. 
2768 Huang Y, et al.   Chinese Sci Bull   September (2011) Vol.56 No.26 
time delay of the probe is derived: 
 SCO SC SC ,      (4) 
where SCO and SC are the observation and geometric delays, 
respectively [13]. 
The International Celestial Reference Frame (ICRF2) 
uses nearly 30 years of VLBI observations at radio wave-
lengths, and the positional accuracy of 295 ICRF2 defining 
sources is better than 0.3 mas [11,13]. If the location of a 
quasar is well known, then RS is also well known, and ∆RS 
can be derived from RS RSO RS     . Because the beacon- 
quasar angular separation is small, we assume that SC  
≈߂߬RS. The influences of the atmosphere, ionosphere and 
receivers are almost completely canceled out by taking the 
difference in the correlation phase [13]. 
In the real-time tracking of Chang’E-1 with VLBI ob-
servations, several quasars were observed for about 1 h be-
fore observations of Chang’E-1 commenced, and systematic 
errors such as clock errors and instrument delay errors were 
solved in the form of a time delay and delay rate for each of 
the six CVN baselines. These errors were used to correct the 
following observations of Chang’E-1. In each hour of ob-
servations that followed, a quasar was observed for 20 min 
and the Chang’E-1 for 40 min. After the Chang’E-1 obser-
vation was complete, a quasar was once again observed. In 
post-processing, all observations of quasars were processed 
and the time delay and delay rate of Chang’E-1 were recali-
brated.  
The accuracy of the quasar calibration directly affects the 
real-time VLBI data. For example, calibration error of 1 
ps/s induces error in the time delay of 3.6 ns after about 1 h. 
In the case of tracking Chang’E-2, the systematic delay rate 
was estimated not on the basis of quasar calibration but on 
the frequency rate of the atomic clocks at the four antennas 
as determined by GPS timing, whose differentials are 
equivalent to the delay rate. Normally, the behavior of the 
hydrogen atomic clock is very stable and the accuracy of 
long-term stability is about 10–15–10–14. The results show 
that this modified strategy of estimating the systematic de-
lay rate performs well and the accuracy of real-time VLBI 
data is improved, especially for time delay data. This cali-
bration method is used in the VLBI tracking experiment for 
the GEO satellite in this paper. 
2  Data analysis and discussion 
The CVN organized a GEO-satellite tracking and orbit de-
termination experiment for August 26, 2010. The GEO sat-
ellite was located at latitude of 84° east. The satellite signal 
frequency was approximately 2.2 GHz, and the bandwidth 
was 2 MHz. The CVN tracked the GEO satellite for about 
24 h, and obtained tracking data of the VLBI delay and de-
lay rate. The longest baseline of about 3249 km was 
Shanghai-Urumqi in an east-west direction, and the shortest 
baseline of about 1114 km was Shanghai-Beijing. Each 
CVN station was equipped with a low temperature receiver 
at S/X wave band, VLBI data acquisition terminals and a 
hydrogen atomic clock. The correlation system at Shanghai 
processed VLBI observations. The VLBI data sampling rate 
was approximately once every 5 s, and the noise level of the 
VLBI delay and delay rate were approximately 1 ns and 0.2 
ps/s, respectively. 
C-band ranging data were also available for the GEO 
satellite. The tracking system was established by the Na-
tional Time Service Center, Chinese Academy of Sciences 
[24,25]. The ground tracking network consisted of four do-
mestic stations. The accuracy of the C-band ranging data 
was several centimeters. The tracking system can be used 
for routine observations since it is not affected by weather, 
and the observing system is very stable.  
Pseudo-range and carrier phase measurements are usual-
ly made in the POD of a navigation satellite. For GEO sat-
ellites, however, the clock and phase ambiguity errors can-
not be effectively determined, and time synchronization is 
needed before orbit determination. These data are not ana-
lyzed in this paper. 
In this paper, VLBI data and C-band ranging data are an-
alyzed. First, the orbit is determined jointly using two types 
of data, and the biases of ranging data are solved. We then 
analyze POD using only ranging data, focusing on the ef-
fects of different systematic errors, and POD using only 
VLBI data is also analyzed. Finally, short-arc orbit deter-
mination and prediction are analyzed in relation to the re-
quirements of rapid orbit recovery after GEO satellite ma-
neuvers. 
The principle of statistical orbital determination is im-
plemented in the data processing, with the adopted astro-
nomical constants, reference system, and dynamical and 
measurement models referred to IERS96. 
The dynamical perturbation models are (1) three-body 
gravitational attractions of the Sun and Moon, (2) gravita-
tional attractions of solid-Earth tides, (3) gravitational at-
tractions of oceanic tides, (4) gravitational attractions of the 
non-spherical Earth (Earth gravity model JGM3, truncated 
to the 10th degree and order), (5) radiation pressure of the 
Sun, (6) relativistic perturbation, (7) perturbation of the 
Earth’s rotational deformation, and (8) empirical radial- 
transverse-normal accelerations. 
The measurement models are (1) Saastamoinen-NMF’s 
atmospheric refraction, (2) the displacement of the station 
due to the solid-Earth tide, (3) the effects of the secular tidal 
term on the station coordinates, (4) the effects of the loading 
of the oceanic tides on station coordinates, and (5) the effect 
of the Earth’s rotational deformation on station coordinates. 
The reference systems are (1) the mean equator (x-y 
plane) and mean spring equinox (the direction of the x-axis) 
at J2000.0, (2) ITRF2000 for the coordinates of the stations 
and their velocities of motion, (3) the precession model 
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IAU1976, (4) the 1980 nutation model and IERS nutation 
correction, and (5) the planetary ephemeris DE403/LE403. 
A 24-h arc orbit is considered, and estimated parameters 
are six orbital elements, one solar radiation pressure param-
eter, constant ranging biases at individual ranging stations, 
and constant accelerations in the transverse direction (once 
every 8 h). 
For C-band ranging, there are systematic errors in station 
transmission and receiving systems and the satellite tran-
sponder delay. The satellite transponder delay is the same at 
each station and stable over the course of 1 d [6]. Given the 
strong parameter correlation, systematic errors of the station 
equipment and satellite transponder cannot be separated for 
GEO satellites; therefore, the ranging bias includes all these 
errors in this case. Because of the weakness of the 
GEO-satellite dynamic equations in a rotational Earth ref-
erence system, the ranging bias and orbital elements are 
strongly correlated. To prevent the weakening of orbit esti-
mation with incorporation of bias estimates for each station, 
a corrective measure was taken assuming that the sum of all 
ranging biases is zero [25]. A new strategy of GEO-satellite 
POD is proposed by combining two tracking techniques: 
SLR and C-band transfer ranging. An accurate and effective 
approach for ranging bias calibration was implemented by 
Guo et al. [7]. In this work, the VLBI data are also used to 
calibrate the bias in C-band ranging data.  
Figures 2 and 3 are the time series of the POD residuals 
of ranging and VLBI data. The root-mean-square (RMS) of 
C-band ranging data is about 0.19 m. The RMS of the VLBI 
delay and that of the delay rate data are 3.6 ns and 0.42 ps/s, 
respectively.  
Figure 2 shows different noise levels for ranging data at 
the four stations, and the accuracies for stations 1 and 4 are 
lower than those for the other two stations. The VLBI an-
tennas observed a radio source during the blank parts of the 
plots in Figure 3 to correct for systematic errors. The time 
series of residuals are flat and small for all observation arcs 
except for baselines relating to Kunming, which may be due  
 
 
Figure 2  Residuals of ranging data after combined POD. 
to the low accuracy of quasar calibration. There are no 
VLBI data related to Kunming between 12–14 h owing to 
instrumental problems at Kunming. In general, VLBI ob-
servations achieved the desired accuracy in spite of some 
observational problems.  
The orbit is then solved using only C-band ranging data 
with two strategies. Ranging bias is solved in strategy 1, and 
the orbital difference with the combined POD is shown in 
Figure 4(a). The difference is about 60 m in the transverse 
direction, and the corresponding VLBI delay error is about 
10–20 ns, resulting from the strong correlation between 
ranging bias and orbit elements. Other analyses show that 
different a priori values of ranging bias also affect the 
solved orbit, mainly in the transverse direction. Instead of 
solving for range bias, strategy 2 fixes the ranging bias ob-
tained from combined POD. The orbital difference with the 
combined POD is shown in Figure 4(b), and it is seen that 
the difference is less than 10 m in three dimensions. Figure 
4 also shows that the orbital accuracy achieved with only 
C-band ranging data is higher in the radial direction, and the 
error is mainly in the other two directions. 
We also determine the orbit using only VLBI data. The 
positional difference with combined POD is about 15 m. 
Figure 5 shows the orbital difference, and we see that the 
radial difference is large, about 10 m, probably because of 
the weak constraint of VLBI data in the radial direction. 
It has been found that the accuracy of the GEO orbit can 
be improved by including a small quantity of VLBI data 
[10]. Therefore, we also use 3-h VLBI data combined with 
24-h ranging data for the calculation. The result shows that 
the accuracy does not decrease significantly with only little 
VLBI data, confirming the reference [10]. 
The above analyses show that VLBI data can be used to 
calibrate ranging bias, and VLBI data are able to strongly 
constrain the orbit in the transverse directions, while the 
ranging observations provide a stronger constraint in and 
around the line-of-sight direction. Joint orbit determination 
using both data types is expected to yield improved orbital 
accuracy. Similarly, when the orbit of the GEO satellite is 
determined using pseudo-range measurements, VLBI data 
can also be used to calibrate clock errors in pseudo-range 
data after clock errors are effectively modeled [26]. 
Although GEO satellites are deployed as COMPASS 
navigation satellites, it is difficult to precisely model the 
forces of frequent GEO-satellite maneuvers. The predicted 
orbit may soon be invalid after a maneuver commences 
owing to maneuver forces, and the actual orbit is sometimes 
more than several kilometers from the predicted orbit if the 
maneuver is not considered. Prediction of the orbit with 
short-arc observations by reducing the number of estimated 
parameters after the maneuver operation is complete has 
been proposed [6]. It is assumed that the common system 
bias and biases of individual stations are constant and can 
be obtained from orbit determination with long-arc observa-
tions before the maneuver. In this way, only six orbit 
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Figure 3  Residuals of VLBI data after combined POD. (a) The VLBI delay; (b) the VLBI delay rate.  
 
Figure 4  Orbital differences between POD using only C-band ranging data and combined POD in the radial, transverse and normal directions. (a) Solving 
for ranging bias; (b) fixing ranging bias. The upper and lower graphs present position and velocity differences, respectively.  
elements are solved, and an accurate ephemeris is soon ob-
tained.  
This paper develops a different approach in which the 
orbit is determined and predicted with a combination of 
short-arc VLBI and C-band ranging data. The observation 
arc is only 15 min and the orbit is predicted for 12 h ac-
cording to the actual situation. The residual of ranging data 
relative to the predicted orbit is calculated as the accuracy 
evaluation of the predicted orbit in the radial direction. Us-
ing VLBI and C-band ranging data, the predicted orbit ac-
curacy is about 1.2 m (RMS of residuals) over a period of  
2 h, 4.4 m over a period of 6 h, and 7.0 m over a period of 
12 h. Meanwhile, using only C-band ranging data, the pre-
dicted accuracy is about 1.0, 8.1 and 18.8 m, respectively. 
Results are presented in Table 1 and Figure 6. These results 
show that VLBI data can be used to improve short-arc POD  
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Figure 5  Orbital differences between POD using only VLBI data and 
combined POD. 
Table 1  RMS of O-C of the predicted orbit with a 15-min short-arc ob-
servation (unit: m) 
 2 h 6 h 12 h 
Only ranging data 1.0 8.1 18.8 




Figure 6  Accuracy of orbit determination (first 15 min in the plots) and 
prediction as evaluated by O-C. (a) POD using C-band ranging data only; 
(b) combined POD.  
accuracy for the rapid orbit recovery of GEO satellites. 
3  Conclusions 
For many years, Earth-orbiting and interplanetary space-
crafts have been navigated using conventional radio metric 
measurements. VLBI is a useful complement to the usual 
radio ranging and velocity measurements. VLBI can cali-
brate systematic errors of other techniques, and verifies the 
orbit accuracy just like SLR. VLBI has extremely high an-
gular resolution and provides the strongest constraint on the 
orbit in transverse directions. Joint orbit determination is 
expected to yield improved results.  
In this paper, a GEO satellite tracking experiment orga-
nized by the CVN is presented and VLBI data are analyzed. 
The orbit is determined combining VLBI with C-band 
ranging data. The accuracy of VLBI delay data is limited to 
about 3 ns owing to the narrow bandwidth and limitations of 
beacon design, and the corresponding orbit error is about  
10 m for the GEO satellite. The contribution of VLBI to 
long-arc POD is limited, and the accuracy of the combined 
POD is about 10 m. Meanwhile VLBI data are able to pre-
cisely calibrate range bias and improve the predicted-orbit 
accuracy for the rapid orbit recovery of GEO satellites. The 
accuracy of VLBI data may be further improved to 0.1 ns or 
better by adopting multi-frequency beacon designs or in-
creasing the bandwidth. For example, with a specially de-
signed VLBI beacon, a noise level better than 0.1 ns for 
VLBI delay data has been achieved for the Chang’E-2 pro-
gram. 
VLBI has been employed in deep-space exploration for 
the first and second Chinese lunar exploration programs and 
for the Japanese SELENE-1 program, and will also be used 
in future deep-space exploration projects such as Mars mis-
sions. With the development of the VLBI technique, espe-
cially with the development of a network of VLBI2010 
standards, VLBI may also be applied to satellite navigation 
systems. 
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